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from these troubled if shallow
waters a further unexpected
development has emerged.
Fritz Lehmanns’ latest paper
[15], in collaboration with Nicole
Heymann, demonstrates that
flying Drosophila exhibit a cyclic
variation of CO2 output lasting
about three seconds, even under
constant flight motor load. That’s
about 600 wing beats per cycle —
vastly in excess of anything
autoventilatory in nature. Frankly,
to anyone not looking specifically
for periodic variations in CO2
output while using a system tuned
for fast response, these
fluctuations would have been
averaged out of existence. It is
natural to object that these
(relatively) slow oscillations simply
reflect variations in flight motor
energy flux, but the
accompanying kinematic
observations rule that out.
Obviously the cyclicity derived
from patterns of abdominal
pulsations? Lehmann and
Heymann [15] decorated their
flies’ abdomens with tiny spots of
paint, the better to track
pulsations by video, but found no
correlation between the
abdominal pulsations and the CO2
cycles. Next they modeled
Drosophila’s four large thoracic
spiracles as entities that opened
or constricted independently in
accordance with local gas levels. 
Plainly one spiracle’s activity
could affect that of others,
because it could alter gas
concentrations in their vicinities to
levels above or below the setpoints
at which they would open or close.
If the spiracles drifted into phase
with each other while open, a peak
of CO2 emission occurred; if they
drifted out of phase, a valley.
Lehmann and Heymann [15] found
that at certain specific ratios of
spiracle threshold values to muscle
partial pressures of respiratory
gases, computer simulations
produced results quite similar to
their observations, but as they are
quick to point out, their models
make assumptions that are not yet
proven and should be treated with
caution.
Another, more charming,
possibility exists for explaining the
observed cyclicity. Drosophila
stick out their probosces at
intervals during tethered flight,
something that everyone who has
worked with the venerable fly-on-
a-stick preparation had noticed but
none had investigated. These
regular proboscis extensions prove
to be highly correlated with the
CO2 cyclicity and, according to
Lehmann and Heymann [15], may
act to ‘balance the local oxygen
supply between different body
compartments of the flying animal’.
Perhaps the fly brain needs
additional oxygen during flight, for
which the fruit fly’s evolutionary
history constrains it to stick out its
tongue at intervals, the better to
give its flight motor an intelligently
chosen course. There is a moral
here somewhere.
References
1. Suarez, R.K., Lighton, J.R.B., Joos, B.,
Roberts, S.P., and Harrison, J.F. (1996).
Energy metabolism, enzymatic flux
capacities and metabolic flux rates in
flying honeybees. Proc. Natl. Acad. Sci.
USA 93, 12616–12620.
2. Hadley, N.F. (1994). Water relations of
terrestrial arthropods. (San Diego:
Academic Press).
3. Krogh, A. (1941). The comparative
physiology of respiratory mechanisms.
(Philadelphia: University of Pennsylvania
Press).
4. Kestler, P. (1985). Respiration and
respiratory water loss. In Environmental
Physiology and Biochemistry of Insects.
pp. 137–186. K.H. Hoffmann, ed.  (Berlin:
Springer).
5. Lighton, J.R.B. (1996). Discontinuous gas
exchange in insects. Annu. Rev.
Entomol. 41, 309–324.
6. Lighton, J.R.B. (1998). Notes from
underground: towards ultimate
hypotheses of cyclic, discontinuous gas-
exchange in tracheate arthropods. Am.
Zool. 38, 483–491.
7. Chown, S.L., Gibbs, A.G., Hetz, S.K.,
Klok, C.J., Lighton, J.R.B., and Marais, E.
(2005). Discontinuous gas exchange in
insects: A clarification of hypotheses and
approaches. Physiol. Biochem. Zool. 75,
345–349.
8. Miller, P.L. (1960). Respiration in the
desert locust. III. Ventilation and the
spiracles during flight. J. Exp. Biol. 37,
264–278.
9. Weis-Fogh, T. (1964). Functional design
of the tracheal system of flying insects
as compared with the avian lung. J. Exp.
Biol. 41, 207–227.
10. Weis-Fogh, T. (1967). Respiration and
tracheal ventilation in locusts and other
flying insects. J. Exp. Biol. 47, 561–587.
11. Wasserthal, L. (2001). Flight-motor-
driven respiratory air flow in the
hawkmoth Manduca sexta. J. Exp. Biol.
204, 2209–2220.
12. Dickinson, M.H., and Lighton, J.R.B.
(1995). Muscle efficiency and elastic
storage in the flight motor of Drosophila.
Science 268, 87–90.
13. Joos, B., Lighton, J.R. , Harrison JF,
Suarez, R.K. and Roberts, S.P (1997).
Effects of ambient oxygen tension on
flight performance, metabolism and
water loss of the honeybee. Physiol.
Zool. 70, 167–174.
14. Lehmann, F.-O. (2001). Matching spiracle
opening to metabolic need during flight
in Drosophila. Science 294, 1926–1929.
15. Lehmann, F.-O., and Heymann, N. (2005).
Unconventional mechanisms control
cyclic respiratory gas release in flying
Drosophila. J. Exp. Biol. 208, 3645–3654.
Department of Biological Sciences,
University of Nevada at Las Vegas, 4505
Maryland Parkway, Las Vegas, Nevada
89154, USA, and Sable Systems
International, 7231 S. Eastern Avenue,
Las Vegas, Nevada 89119, USA.
DOI: 10.1016/j.cub.2005.11.020
Current Biology Vol 15 No 23
R966Microtubule Flux: What Is It Good
for?
During mitosis in a eukaryotic cell, microtubule subunits continuously
move towards spindle poles. A new study has revealed that inhibiting
this microtubule flux in mammalian cells has no major effects on
chromosome movements; it does, however, increase the probability of
erroneous chromosome segregation.Alexey Khodjakov1 and 
Tarun Kapoor2
The goal of mitosis is to segregate
replicated chromosomes equally
between the two daughter cells.
This process must be reasonably
fast and extremely efficient. Errors
in chromosome partitioning are
irreversible and aneuploidy is a
hallmark of malignant
transformation. To achieve therequisite error-free chromosome
segregation, eukaryotic cells have
developed a marvelous self-
organizing molecular machine
called the mitotic spindle.
The microtubule-based mitotic
spindle is highly dynamic in
nature. Chromosome movement is
accompanied and coordinated
with changes in length of the ‘K-
fibers’ that connect chromosomes
to the spindle poles. In the
Dispatch    
R967mid-1980s, studies of the dynamic
incorporation of labeled tubulin
dimers revealed that, in
mammalian cells, most tubulin
subunit exchange takes place at
the ends of microtubules distal to
the spindle poles — the so-called
plus ends [1]. 
These observations were the
basis for the ‘Pac-man’ model for
chromosome movement, in which
chromosomes travel towards
spindle poles along microtubules
while ‘chewing’ (depolymerizing)
the fibers at the plus-ends near
kinetochores, and away from
spindle poles by inducing
polymerization of their attached
K-fibers and moving on the
polymerizing microtubule tips.
This view was challenged,
however, by the results of
experiments involving the UV-
cutting of microtubules [2] or
photo-activation of fluorescent
tubulin [3], which revealed that
microtubules cannot be viewed as
stationary tracks on which
chromosomes move. Instead,
even when the spindle maintains
constant length, for example
during metaphase, the entire
microtubule lattice continuously
moves towards each spindle pole. 
This movement, or ‘flux’,
requires constant addition of
tubulin subunits at microtubule
plus ends and their corresponding
removal from microtubule minus-
ends at spindle poles [3]. The
direct observations of flux
suggested that chromosome
movements may be powered by a
‘traction fiber’, a model proposed
in the 1950s. In current versions of
this model, chromosomes are
pulled polewards as K-fibers
shorten as a result of reductions
in the rate of tubulin incorporation
at the kinetochore relative to that
of microtubule depolymerization
at the pole. In this view, both
‘Pac-man’ and ‘traction fiber’
mechanisms contribute to
chromosome segregation
(Figure 1).
Recent studies have shown that
flux is an evolutionarily conserved
feature of all metazoan cells. The
rates of flux are not the same in
different systems, however,
particularly when compared to the
rates of chromosome movements
for that cell-type ([reviewed in [4]).Figure 1. Dynamics of
kinetochore fiber micro-
tubules in vertebrate
somatic cells.
(A) During metaphase
tubulin subunits are
continuously removed
from the minus ends of
microtubules at the
spindle pole, while kineto-
chores switch between
periods of tubulin poly-
merization and removing
tubulin subunits from
microtubule plus ends. As
the result, chromosomes
oscillate to and away
from the pole, while
microtubule lattice con-
tinuously fluxes poleward.
(B,C). At the onset of
anaphase kinetochores
switch to continuous
microtubule depolymer-
ization. As a result, chromosomes move poleward on microtubules (‘Pac-man’) that at the
same time are reeled to the pole via minus-end depolymerization (‘Traction fiber’).
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Current BiologyFor example, in crane-fly
spermatocytes the rate of flux
exceeds the velocity of
chromosome separation during
anaphase. In these cells,
kinetochores actually continue to
polymerize microtubules as they
are reeled poleward by fast-
fluxing K-fibers [5]. 
In Drosophila embryos or
Xenopus egg extracts, spindle flux
is responsible for at least 90% of
the chromosome displacement
during anaphase [6]. But in
mammalian culture cells, flux
contributes no more than 20–30%
to anaphase chromosome
movement [7]. Is this contribution
essential for chromosome
segregation? A provocative study
by Ganem et al. [8], published
recently in Current Biology, shows
that it is not.
Members of the kinesin-13
family have been suggested to be
the key molecules responsible for
flux. KLP10A (Kif2a in mammals)
localizes to spindle poles and can
destabilize microtubules.
Microinjection of a function-
blocking antibody against
KLP10A has been shown to
inhibit flux in Drosophila embryos,
suggesting that this protein is
responsible for ‘reeling in’ K-
fibers [9]. In human cells, Kif2a
function is essential for spindle
bipolarity and cells depleted of
Kif2a assemble monopolar
spindles; however, spindle
bipolarity can be restored inKif2a-deficient cells by partially
suppressing the dynamics of
spindle microtubules by either
treating with low doses of
nocodazole or by inhibiting
activities of another kinesin-13
protein, Kif2c/MCAK [10].
Mechanisms by which increased
microtubule stability prevents
formation of monopolar spindles
in Kif2a-deficient cells is not
understood.
Using the photoactivation
approach, Ganem et al. [8] found
that flux is completely inhibited
during metaphase in cells
simultaneously lacking Kif2a and
MCAK. This provided the authors
an opportunity to evaluate
functional properties of bipolar
mitotic spindles that lack the
‘traction fiber’ mechanism. The
authors observed that
chromosome alignment and the
extent and periodicity of
chromosome oscillations were
indistinguishable between the
flux-free and control spindles.
Consistent with these
observations, flux-free cells
progressed through mitosis with
normal kinetics. In fact, the only
difference in chromosome
movement detected in these
studies was a slight (~20%)
decrease in the poleward
chromosome velocity during
anaphase, but this decrease did
not appear to have any dramatic
consequences for the dividing
cell.
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R968Dynamic instability is a well-
characterized aspect of
microtubule polymerization
dynamics, which accounts for the
fast turnover of spindle tubulin.
How polewards flux is linked to
microtubule dynamic instability
remains unclear. An intriguing
observation reported by Ganem et
al. [8] is that polewards
microtubule flux and overall
microtubule polymer dynamics
can be uncoupled. No major
changes in microtubule turnover
were found in flux-free spindles.
One manifestation of the forces
acting on chromosomes is the
distance sister kinetochores are
separated, or ‘pulled apart’ by
spindle fibers. It has been
previously shown that
suppression of microtubule
dynamics, using low doses on
taxol, reduce the sister
kinetochore separation [11].
However, the average distance
between sister kinetochores in
flux-free cells simultaneously
depleted of Kif2a and MCAK was
found to be identical to that in
cells depleted of MCAK alone,
which do flux. Together, these
observations suggest that other
members of the kinesin-13 family
and/or non-motor microtubule-
associated proteins, such as
Op18/Stathmin, CLASPs and
XMAP215, may be more important
than Kif2a and MCAK in regulating
overall microtubule dynamics and
generating forces that move
chromosomes.Jordi Casanova
The Drosophila Torso pathway,
also known as the ‘terminal
system’, has been a paradigm for
the genetic analysis of receptor
tyrosine kinase signalling
pathways. In Drosophila, the Torso
receptor is distributed evenly at
Developmental Ev
a Story with Differ
The Torso pathway patterns the ends
it has been found to control axis elon
Tribolium. This result raises the issue
Torso pathway and its evolution.Yeast cells divide perfectly
although their spindles lack
detectable flux [12]. Thus, it is
not too surprising that flux is not
essential for spindle formation
and chromosome movement. It
would be premature, however, to
postulate that flux is good for
absolutely nothing in vertebrate
somatic cells. Ganem et al. [8]
suggest that chromosome
segregations occur at higher
frequency without flux. If flux
does not change the forces
acting at kinetochores it seems
unlikely that mechanisms
monitoring ‘tension’ or forces at
the kinetochore are being
affected. Is it possible that
microtubule minus-end
depolymerization at spindle
poles is a more important factor
for correcting errors in
chromosome-to-spindle
attachments during mitosis than
in driving chromosome
movements? Testing this
emerging hypothesis will be an
exciting and important
undertaking.
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